Plant secondary metabolites, which comprise more than 200,000 defined structures [1] , include a large number of natural bioactive compounds. Humans have developed various natural bioactive compounds and have utilized these valuable chemicals for daily necessities such as aromatics, food additives, and drugs. One important process for the production of plant secondary metabolites is bio-processing via plant cell and tissue cultures [2] . The advantages are thought to be (1) continuous and uniform productivity of a target metabolite, (2) selectivity of a specific molecular formula, (3) the possibility for high-concentrations of a target metabolite and rapid production of biomass, and (4) easier extraction from cell cultures [3] . In order to use this methodology for scientific research or commercial production of plant secondary metabolites, we should know how to establish an appropriate cell culture system and to standardize the cells for higher-yields of a target metabolite. In this study, we demonstrated a protocol for manipulating cell culture systems. We focused on terpenoids, which are known to be among the most diverse compounds (>30,000 identified to date), containing antimicrobial and insect repellent bioactivities [4] . -Thujaplicin (known as hinokitiol in Japan) is a unique monoterpene and tropone compound with a sevenmembered carbon ring, and is found in the heartwood of some coniferous trees mainly belonging to Cupressaceae [5, 6] . In Japan, -thujaplicin is commercially extracted from Thujopsis dolabrata Sieb. et Zucc. var. hondae (known as Hinokiasunaro in Japan), although the heartwood contains this compound at no more than 0.06% of dry weight [7] . Therefore, -thujaplicin production via callus and suspension cultures of Cupressaceae has been attempted and morphological, physiological, and molecular aspects of the cell cultures have been reported during the last two decades (e.g. T. dolabrata [8] , Cupressus lusitanica [9] [10] [11] ). Building upon this research, we demonstrated the potential of a stepwise protocol for understanding cell culture systems involved in the production of thujaplicin. For this, we used the following 10 conifer species: Chamaecyparis (#1: C. obtusa Sieb. et Zucc., #2: C. pisifera Sieb. We collected the explants twice (November 2012 and June 2013) and incubated all the cultures under dark and light conditions. Since callus induction was not enhanced under the dark condition in the initiation phase, phenotypes of each callus induced on different media under the light condition were carefully observed and evaluated for their color, property, and proliferation capacity. The optimal conditions for callus induction from shoot segments during two independent experiments are summarized in Table 1 . Although the suitability of basal medium varied depending on the species tested, we found that addition of 2,4-D was essential for inducing callus cultures. Ten M 2,4-D alone actively enhanced callusing in Chamaecyparis (#1 and #2), whereas the combination of 10 M 2,4-D and 1 M of BA was preferred for callus induction in Thuja ) was optimal for the establishment of callus culture from hypocotyl explants in Thujopsis dolabrata [8] . In young seedlings of Cupressus lusitanica, 10 M NAA with a drop of BA (0.01 M) was sufficient for callus growth [12] . We previously investigated the effect of 2,4-D on callus induction from the zygotic embryo of Cryptomeria japonica and found that 1-10 M 2,4-D alone was required for selective induction of nonembryogenic and embryogenic calli [13] . Our research, combined with previous studies, confirms that the addition of auxins such as 2,4-D and NAA is an important basis for callus induction in coniferous species.
Another important observation during the induction and maintenance phase was the genotype-dependent coloration of the calli. Specifically, browning was well correlated with the growth capacity of the calli tested. condition. A gradual browning pattern was also observed, as shown in Table 1 . The major trigger of browning in plant cell and tissue cultures is generally recognized to be the accumulation of polyphenols. Since polyphenol accumulation is thought to be problematic for maintaining cell and tissue cultures, researchers have used anti-browning reagents such as activated charcoal (AC) [14] and polyamides, either insoluble polyvinyl-polypyrrolidone (PVPP) or soluble polyvinyl-pyrrolidone (PVP), to improve the target cell and tissue culture [15] . These reagents (AC, PVPP, and PVP) absorb hyper-accumulated polyphenols. Another effective anti-browning reagent is sodium diethyldithiocarbamate (SDDC), which is known to inhibit the activity of the copper-containing enzyme, phenoloxidase (PO). It is thought that SDDC chelates the copper which is essential for the activity of PO or prevents further synthesis of the oxidase by competing for copper in Pinus brutia [16] . Another theory is that browning is not a negative reaction, but an important signal for enhancing differentiation of somatic embryos in coffee plants [17] or for activating the target phenylpropanoid biosynthesis in bamboo cells [18, 19] . In this study, since the prominent genotype-dependent responses involved in coloration and property of the coniferous calli could be observed during the first phase, we then attempted to establish an adaptable culture condition for habituating the cell growth and biosynthetic activity of -thujaplicin production.
The MSp680 medium supplemented with 10 µM Picloram [20] was highly adaptable for the coniferous cell cultures. The calli maintained under the light condition (see Table 1 ) colored as white, yellowish-white to light-dark brown in 2-3 months at random. On the other hand, the habituated calli actively proliferated on the MSp680 medium under the dark condition. In many cases, the habituated calli retained their phenotypes under the habituation phase by subculturing at a 3-4-week-interval for more than 1 year.
In the case of J. chinensis 'Kaizuka' (#3), however, the property and growth of the habituated calli were not synchronized on the MSp680 medium. WP medium was more suitable to maintain the #3 cell line under the dark condition.
The fractioned metabolite from the cultured cells corresponded to authentic -thujaplicin, and its UV absorbance spectrum was also identical to that previously reported for -thujaplicin [21] . Although the endogenous level of -thujaplicin in the shoots of donor trees and the habituated cell cultures was not always detectable in the same species (Figure 1) , the habituated calli showed higher concentrations of -thujaplicin than those of the shoots on a dryweight basis. Overall, -thujaplicin was detected in the calli of C. abtusa callus (#1), Juniperus (#3, #4, and #5), and T. occidentalis (#6).
The phenotype and -thujaplicin accumulation of these calli (#1, #3, #4, #5, and #6) were analyzed via laser scanning microscopy (LSM) and high-performance liquid chromatography (HPLC). The whitish #1 callus, which showed a higher growth rate and a lower accumulation of -thujaplicin (8.9-14.4 µg g dry weight (DW) -1 ), contained a lower yellow fluorescent intensity. (META scan mode, see Figure 2 ). On the other hand, the abundant deposition of bluishyellow auto-fluorescent intensity with red dots were observed for yellowish-white to light brownish calli of #3, #4, #5, and #6, which contained 129.1-146.9, 10.2-17.4, 100.3-187.1, and 37.3-95.4 µg g DW -1 -thujaplicin, respectively. These fluorescent intensities reflect higher biosynthetic activity of primary and secondary metabolites. In fact, positive fluorescent images scanned from #5 cells via LSM imaging in combination with DPBA and Nile red Furthermore, the effect of YE on the production of -thujaplicin of two typical phenotypes #1 callus, a lower target biosynthetic activity with active growth habit, and #5 callus, a higher target biosynthetic activity with moderate growth habit was investigated. YE concentration-dependent browning observed in #5 callus was much stronger than that of #1 callus. This browning is thought to be a positive indicator for estimating biosynthetic activity in the target calli. Significant improvement in -thujaplicin production in #5 callus was observed (4600 µg g DW -1 ) in the conditioned medium containing 0.3% YE, while 67µg g DW -1 was the best result in the case of #1 callus (Figure 4 ). The maximum improvement in productivity was recorded at up to 20-fold higher than that under the habituation condition (See Figure 1 #5 ). Forty grams of the elicited J. conferta #5 cells (treated with 0.3%, w/v, YE for 1 week, see Figure 4 ) were prepared for NMR analysis. 1 H-and 13 C-NMR spectra and the absorbance spectrum of the purified compound (38 mg, brown powder) showed good agreement with those of commercially available standard -thujaplicin (data not shown).
Based on our results, we conclude that the stepwise protocol is an essential methodology for a better understanding of the phenotypes of cell cultures and for enhancing the productivity of the target compound in coniferous callus cultures. Since habituated Juniperus cell cultures (particularly #5) showed enhanced productivity of the target compound under the YE condition, detailed studies aiming for the regulation of interrelated biosynthetic pathways and improvement of productivity of the target compound should be carried out in the near future.
